Transforming growth factor ß1 (TGF-ß1) can promote sclerosis in many kidney diseases by enhancing the synthesis of collagens. However, the mechanisms of downstream intracellular signal transduction in TGF-ß1-induced collagen synthesis is not fully understood. The purpose of this study was to further investigate the mechanisms and the cross-talk between the MAPK and Smad2 pathways. We found that U0126, a specific inhibitor of ERK1/2, and SB203580, a specific inhibitor of p38, down-regulated the TGF-ß1-induced phosphorylation of Smad2 at both linker and C-terminal sites in rat mesangial cells. Whereas, SP600125, a specific inhibitor of JNK, only down-regulated the phosphorylation of Smad2 at the C-terminal sites, but had little effect on the phosphorylation of Smad2 at linker sites. However, all three MAPK inhibitors reduced collagen IV synthesis induced by TGF-ß1. Furthermore, TGF-ß1 induced the phosphorylation of Smad2 at both the linker and C-terminal sites. Transient transfection of a dominant negative Smad2 construct significantly decreased TGF-ß1-induced phosphorylation of ERK1/2, JNK and expression of collagen IV, but did not decrease the phosphorylation of p38. These findings demonstrate that there is cross-talk between the MAPK (ERK1/2, JNK, p38) and Smad2 pathways, and that the cross-talk interacts mutually to enhance the synthesis of collagen IV in rat mesangial cells.
Introduction
Glomerulosclerosis, which is the result of structural remodeling and excessive deposition of extracellular matrix (ECM) in the glomerulus, is very common in end-stage glomerulonephritis. Mesangial cells (MCs) have been identified as the main producer of ECM and contribute critically to the structural and functional integrity of the glomerulus (1) .
It is well known that transforming growth factor ß1 (TGF-ß1) plays a crucial role in the sclerosis associated with progressive renal diseases (2) . TGF-ß1 can cause ECM accumulation by enhancing the production of collagen and fibronectin in MCs (3), suppressing the expression of ECMdegrading proteases (4) , or increasing the synthesis of ECM protease inhibitors (5) . The Smad family of proteins are classic signal transducers downstream of TGF-ß1. Other signaling molecules, such as MAPK and AKT/PI3K, have also been reported to play important roles in signal transduction downstream of TGF-ß1 (6, 7) .
In the past decade, many studies have highlighted crosstalk among different signaling pathways as a powerful means of coordinating signaling processes, exerting synergistic or antagonistic effects on the regulation of the transcription activity of target genes (8) (9) (10) . Increasing evidence has suggested a more complex paradigm of TGF-ß1-initiated signaling via Smads interacting with the MAPK pathway, which is a better elucidated pathway downstream of TGF-ß1 besides the classic Smad pathway. Li et al (11) reported that ERK2 enhanced the TGF-ß1-induced synthesis of type I and III collagen in fibroblasts, accompanied by the activation of Smad2 linker sites. The ablation of ERK2 down-regulated significantly the synthesis of collagen type I and III (12) . In cardiac fibroblasts, cAMP can inhibit TGF-ß1-induced collagen synthesis via inhibition of ERK1/2 and Smad signaling (13) . The Matsuzaki laboratory demonstrated that activating JNK induced by TGF-ß1 can cause further phosphorylation of the linker and C-terminal sites of both Smad2 and Smad3, thereby disturbing the growth and invasion of rat gastric tumor cells (14, 15) . Moris et al showed that JNK-dependent phosphorylation of Smad2 and Smad3 in response to HGF, PDGF and TGF-ß, can transactivate target genes with no loss of R-Smad capacity (16) . The suppression of JNK MAPK signaling by the deletion of Smad3 inhibits v-Ras-induced transformation in primary mouse embryonic fibroblasts (17) . Furthermore, the p38 pathway is activated by TGF-ß1, and then stimulates Smaddependent transcription through SUMO-1-mediated modification of Smad4 in NIH3T3 and COS7 cells (18) . In pancreatic cells, TGF-ß1-induced expression of biglycan required the activation of MKK6-p38 MAPK, that proved to be downstream of Smad signaling (19) . The mechanism of these coordinating signaling processes, however, is not fully understood.
It has been found that both the Smads and MAPK are activated by TGF-ß1 in MCs during glomerulonephritis and the development of glomerulosclerosis (20) . Only a few laboratories have considered the interaction of the two pathways in MCs. Hayashida et al reported that ERK-dependent phosphorylation of the Smad3 linker region increased collagen I synthesis in human MCs (21) . The complex mechanisms of the interaction of these two signaling pathways still need to be further elucidated. In the present study, we investigated the cross-talk between the MAPK (ERK1/2, JNK, p38 MAPK) and Smad2 pathways, and determined the role of cross-talk in TGF-ß1-induced synthesis of collagen IV in rat MCs.
Materials and methods
Reagents. Recombinant human TGF-ß1 was purchased from R&D Systems (Minneapolis, MN). Polyclonal antibodies against p38 and phospho-p38 MAPK, JNK and phospho-JNK, ERK1/2 and phospho-ERK1/2, and U0126 were obtained from Cell Signaling Technologies (Danvers, MA). SB203580 and SP600125 were purchased from Calbiochem (La Jolla, CA). Polyclonal antibody against type IV collagen was from ABcam (Cambridge, UK). Lipofectamine™ 2000 was from Invitrogen (Carlsbad, CA).
Rat MC culture. Rat MCs were isolated and characterized as described previously (22) . Cultures of rat MCs were established and maintained in DMEM (Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (Gibco), 100 U/ml penicillin, and 100 μg/ml streptomycin, 2 mM glutamine and incubated in a 37˚C humidified incubator with 5% CO 2 . The cells used in this experiment were at passages 6-10. To evaluate the effect of TGF-ß1, cells were rendered quiescent in medium containing 0.5% fetal bovine serum for 20 h, followed by treatment with 2.5 ng/ml TGF-ß1 for the indicated time periods. To evaluate the effects of MAPK inhibitors, cells were pretreated with inhibitors for 2 h after quiescence, and then treated with 2.5 ng/ml TGF-ß1 for the indicated time periods.
Transient transfection of rat MCs. The dominant negative Smad2 construct was a kind gift from Chun Peng (Department of Biology, York University, Canada). Transfection of rat MCs was carried out using Lipofectamine™ 2000 reagent, according to the manufacturer's instructions. Control cells were transfected with an empty vector PcDNA3.1 alone. Cells were cultured for 48 h after transfection, and then treated with 2.5 ng/ ml TGF-ß1, with serum starvation of 20 h before treatment. Real-time quantitative RT-PCR and Western blot analyses were carried out after the treatment.
Western blot analysis. Cells were lysed in lysis buffer containing 1% Nonidet P-40, 20 mM Tris (pH 8.0), 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml pepstatin, 1 mM Na 3 VO 4 , and 1 mM NaF on ice for 1 h. Equal amounts of protein were separated by SDS-PAGE, using a 10% gel and electro-transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA). After blocking with 5% non-fat milk, membranes were incubated with appropriate primary antibodies overnight on a rocker at 4˚C. A monoclonal antiß-actin antibody (Sigma, St. Louis, MO) was used as control. After washing, membranes were incubated with HRPconjugated IgG (ProteinTech Group, Chicago, IL) for 1 h, and target protein bands were visualized by chemiluminescence (Pierce, Rockford, IL).
Real-time quantitative RT-PCR. Total RNA was isolated from MCs using the Trizol reagent (Invitrogen, Carlsbad, CA). The isolated RNA was converted into cDNAs using the PrimeScript™ RT reagent Kit (Takara, Otsu, Shiga, Japan). Real-time quantitative RT-PCR was performed using a SYBR Premix Ex Taq™ Kit (Takara), in a total reaction volume of 20 μl containing 10 μl of SYBR Green RT-PCR master mix, 2 μl of cDNA template and 0.4 μM of each target-specific primer designed to amplify a part of each gene. After PCR, a melting curve analysis was performed to demonstrate the specificity of each PCR product as a single peak. The collagen IV gene expression levels were normalized by the corresponding gene expression levels of rat ß-actin. Primer sets were as follows, rat collagen IV, 5'-TCCTTGTGACCA GGCATAGT-3' and 5'-TTGAACATCTCGCTCCTCTC-3'; rat ß-actin, 5'-AGGATGCAGAAGGAGATTACTGC-3' and 5'-AAAACGCAGCTCAGTAACAGTGC-3'.
Statistical analysis. The statistical significance of the experimental data from three independent experiments was 
Results
TGF-ß1 induces the activation of ERK1/2, JNK, p38, Smad2 and the expression of collagen IV in rat MCs. Western blot analysis showed that, after treatment with TGF-ß1 (2.5 ng/ml), the levels of phosphorylated ERK, JNK, p38 (Fig. 1A) , and Smad2 phosphorylated at both linker (Ser245/250/255) and C-terminal (Ser465/467) sites (Fig. 1B) increased rapidly. The level of phosphorylated JNK peaked at 2 h, while the others reached their peak at 1 h after TGF-ß1 stimulation. The phosphorylated levels of ERK1/2 and JNK were maintained at a high level for 4 h, and that of p38 and Smad2 for 6 h. Moreover, the expression of collagen IV also increased after treatment with TGF-ß1 and peaked at 6 h (Fig. 1C) .
Inhibitory effects of three MAPK inhibitors on TGF-ß1induced activation of ERK1/2, JNK, p38, and Smad2, and the expression of collagen IV in rat MCs. To explore the effects of MAPK inhibitors on TGF-ß1 signaling pathways, rat MCs were pretreated with U0126, SP600125 or SB203580, followed by treatment with TGF-ß1 (2.5 ng/ml). As shown in Fig. 2A , pretreatment with the three inhibitors all inhibited significantly the phosphorylation of ERK1/2, JNK or p38, respectively. Furthermore, inhibition of ERK by U0126, and inhibition of p38 by SB203580, suppressed the TGF-ß1induced phosphorylation of Smad2 at both the linker and C-terminal sites. Inhibition of JNK by SP600125 only decreased the phosphorylation of Smad2 at the C-terminal sites, but had little effect on the phosphorylation at the linker sites. Moreover, the pretreatment of MCs with the three specific inhibitors did not affect the total amount of Smad2. All three MAPK inhibitors decreased the TGF-ß1-induced expression of collagen IV (Fig. 2B ). Real-time quantitative RT-PCR revealed that three MAPK inhibitors, U0126, SP600125 or SB203580, suppressed TGF-ß1-induced collagen IV transcription to 0.25, 0.31 and 0.22, respectively, of controls obtained with TGF-ß1 treatment alone (P<0.05) (Fig. 2C) . These findings were consistent with Western blot analysis.
Dominant negative Smad2 inhibits TGF-ß1-induced phosphorylation of Smad2 and expression of collagen IV.
MCs were transiently transfected with a dominant negative Smad2 construct for 48 h, serum starved for 20 h, and then treated with 2.5 ng/ml TGF-ß1. Transient transfection of dominant negative Smad2 inhibited significantly TGF-ß1induced phosphorylation of Smad2 and the expression of collagen IV (Fig. 3A) . Real-time quantitative RT-PCR revealed that dominant negative Smad2 also suppressed TGF-ß1induced transcription of the collagen IV gene to 0.45 of the collagen IV levels after a single TGF-ß1 treatment. The difference between the two groups was significant (P<0.05) (Fig. 3B) . The real-time quantitative RT-PCR results were consistent with Western blot analysis.
Effects of dominant negative Smad2 on TGF-ß1-induced phosphorylation of ERK1/2, JNK, p38 MAPK and expression of collagen IV.
To explore the possibility that blocking Smad2 could also affect MAPK molecules, MCs were transfected transiently with a dominant negative Smad2 construct, as above. As shown in Fig. 4 , transient transfection of dominant negative Smad2 inhibited the phosphorylation of ERK1/2 and JNK (Fig. 4A) , and the expression of collagen IV (Fig. 4C ) induced by TGF-ß1. However, it did not affect TGF-ß1induced phosphorylation of p38 MAPK (Fig. 4B) . Moreover, transient transfection of dominant negative Smad2 did not affect the total amount of ERK1/2, JNK and p38. The results suggest that Smad2 may cross-talk with the ERK1/2 and JNK pathways, and thereby influence the synthesis of collagen IV.
Discussion
We have shown in the present study that blocking the ERK1/2 pathway can reduce the TGF-ß1-induced phosphorylation of Smad2 at both the linker and C-terminal sites. Recent studies indicate that the interaction between ERK1/2 and Smads, two of the most investigated pathways, is complex, and also controversial in that the interaction can either inhibit (23, 24) or enhance (25, 26) downstream events. The complex interaction involving several MAPK pathways in regulating Smad activity has also been investigated (27, 28) . The different responses may be explained by the differences in cellular origin or the method of activation. In human MCs, Hayashida reported a synergic effect between TGF-ß1-activated ERK and Smad3 signaling in collagen production (21) . Phosphorylation of the Smad3 linker sites was regulated by the activation of ERK. The structure of Smad2 is similar to that of Smad3, both of which have two conserved domains, MH1 and MH2, in the N-and C-terminals, respectively. The MH1 domain is mainly responsible for DNA binding. The MH2 domain has transcription activity and is also involved in homoand hetero-oligomerization with other Smad proteins. The two domains are joined by a less conserved linker region that is serine/threonine-rich and contains multiple phosphorylation sites for proline-directed kinases (29, 30) . TGF-ßl stimulates the activation of receptors. The activated receptors then phosphorylate Smad2 and Smad3, forming a Smad2/3 dipolymer. Since activating ERK causes phosphorylation of Smad3, we propose that Smad2 may play a similar role in signal transduction. In the present study, we demonstrated that TGF-ßlinduced phosphorylation of Smad2 was decreased by blocking the ERK1/2 pathway using its specific inhibitor. This result suggested that TGF-ßl-dependent ERK1/2 activation enhances the phosphorylation of both Smad2 and Smad3, resulting in a synergic effect on collagen synthesis in MCs.
We further determined that p38 and JNK, the other molecules of in the MAPK pathway, also interact with Smad2. TGF-ßl-induced expression of collagen IV and phosphorylation of Smad2 at both the linker and C-terminal sites were downregulated by a p38-specific inhibitor. Phosphorylation of Smad2 at the C-terminal sites also decreased, with concomitant reduced expression of collagen IV when a JNK-specific inhibitor was used. These results reveal that, in rat MCs stimulated with TGF-ßl, all three MAPK pathways participate in the interaction between MAPK and Smad2.
The phosphorylation of the SSXS sites of the Smad2/3 Ctermini by the type I receptor of TGF-ß is critical to enable their association with Smad4 (31, 32) . Recent reports suggest, however, that other phospho-acceptor sites in Smad2/3 play a regulatory role in TGF-ß signaling (33, 34) . Kretzschmar et al have shown that several ERK consensus phosphorylation sites in the Smad linker region may play a role in the interaction between the two pathways (35) . Mutation of these linker sites increased the ability of Smad3 to activate target genes, suggesting that MAPK-induced phosphorylation of the Smad3 linker region has an inhibitory effect (36) . By contrast, Hayashida found that the ERK-dependent phosphorylation of the Smad3 linker region enhances collagen I synthesis induced by TGF-ß1 (21) . Phosphorylation of Smad3 linker sites by p38 MAPK and JNK may enhance Smad2/3 transcriptional activity, implying that Smads and the p38/JNK signaling pathways collaborate on generating a more robust TGF-ß response (16, 37) . The data presented in the above reports indicate that the linker region of Smad2/3 is another important regulatory site mediated by MAPK. Interestingly, we found that the inhibition of ERK and p38 reduced the phosphorylation of Smad2 at both the linker and C-terminal sites, with a synergistic effect on decreasing the synthesis of collagen IV. This observation is consistent with the synergic regulation found in other studies (11, 12, 21) . However, the inhibition of JNK reduced the phosphorylation of Smad2 only at the C-terminal sites, resulting in the reduction of collagen IV synthesis, but it had no obvious effect on the phosphorylation at the linker sites. The complex mechanisms of these differences remain to be elucidated.
So far, the cross-talk between the Smads and MAPK pathways has been investigated widely, and the ability of MAPK to mediate the phosphorylation of Smad has been well established, while the reciprocal ability of Smads to mediate the activation of MAPK has also been demonstrated. A recent report has shown that the ablation of Smad3 can inhibit the activation of JNK and ERK induced by TGF-ß1 and v-ras, thereby protecting mouse embryonic fibroblasts from oncogenic transformation (17) . We also observed reduced TGF-ß1-mediated phosphorylation of JNK and ERK1/2 when dominant negative Smad2 was transfected into rat MCs, leading to a decrease of collagen IV expression. This observation suggested the ability of Smad2 to mediate the MAPK pathway in the reverse direction. Based on our results, we propose that the cross-talk between MAPK and Smad plays an important role in collagen synthesis in rat MCs. Therefore, the present work provides a basis for further investigation in the interaction between Smad2/3 and the other signal transducers, to identify new, useful targets for the prevention and treatment of glomerulonephritis and glomerulosclerosis.
